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General Analysis on the Use of Tesla’s Resonators
in Domino Forms for Wireless Power Transfer

Wenxing Zhong, Chi Kwan Lee, Member, IEEE, and S. Y. Ron Hui, Fellow, IEEE

Abstract—In this paper, we present a brief overview of his-
torical developments of wireless power and an analysis on the
use of Tesla’s resonators in domino forms for wireless power
transfer. Relay resonators are spaced between the transmitter
and receiver coils with the objectives of maximizing energy effi-
ciency and increasing the overall transmission distance between
the power source and the load. Analytical expressions for the
optimal load and maximum efficiency at resonance frequency are
derived. These equations are verified with practical measurements
obtained from both coaxial and noncoaxial domino resonator
systems. To avoid the use of high operating frequency for wire-
less power transfer in previous related research, the technique
presented here can be used at submegahertz operation so as
to minimize the power loss in both the power supply and the
output stage. We demonstrated both theoretically and practically
that unequal spacing for the coaxial straight domino systems
has better efficiency performance than the equal-spacing method.
Also, the flexibility of using resonators in various domino forms is
demonstrated.

Index Terms—Domino resonator system, maximum efficiency
operation, relay resonator, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer based on magnetic resonance
and near-field coupling of two loop resonators was first

reported by Tesla in the 1880s [1]. Wireless power transfer can
generally be classified as radiative and nonradiative. Radiative
power transfer relies on high-frequency excitation of a power
source, and radiative power is emitted from an antenna and
propagates through a medium (such as vacuum or air) over
long distance (i.e., many times larger than the dimension of
the antenna) in the form of electromagnetic wave. Nonradiative
wireless power transfer relies on the near-field electromagnetic
coupling of conductive loops. Energy is transferred over a
relatively short distance, which is on the order of the dimension
(such as the radius or the diameter) of the coupled coils.
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For efficient wireless power transfer, Tesla showed that using
magnetic resonance of the coupled coils could achieve optimal
energy transfer. In his experiment, Tesla used a conductive coil
(which is the form of air-core inductor) connected in series
with a Leyden jar (which is a form of capacitor) to form a
loop resonator. He excited one loop (primary coil) as the power
transmitter and used a second loop resonator (secondary coil)
as a power receiver [2].

The same use of a pair of coupled coils for contactless power
transfer [Fig. 1(a)] for short-range applications has attracted
much interest in the last two decades. For example, research
studies on wirelessly charging the batteries of mobile phones
[3]–[11] and electric vehicles [12]–[15] usually use primary
and secondary coils. For movable industrial robots used in
production lines, the use of the power cable is a nuisance. The
inductive power transfer systems for wirelessly charging indus-
trial robots consist of primary and secondary coils coupled to
each other [16]–[20], [31], [32]. The coils can be in the form of
concentrated windings or spiral windings. For battery charging
applications, the distance between the primary and secondary
coils is usually smaller than the dimension of the primary and
secondary coils. The ratio of transmission distance d and the
radius of the coils r is less than three (i.e., d/r < 3). Such
relatively short distance is termed “short-range” wireless power
transfer. For very short-range applications such as wireless
charging pads for mobile phones, such ratio can even be less
than 1.0 in order to achieve high power transmission efficiency
because the efficiency decreases rapidly with the transmission
distance. For high-power applications of several kilowatts, the
operating frequencies for wireless power transfer for electric
vehicles and industrial robots are typically in several tens of
kilohertz [16]–[20]. The primary and secondary circuits are
usually resonant circuits in order to maximize power transfer
efficiency—a principle set a century ago by Tesla. For “short-
range” applications, typical transfer efficiency in the range of
80%–95% can be achieved.

The wireless power transfer experiment reported in [21]
and [22] is essentially based on the magnetic coupling and
resonance principles laid down by Tesla [1], [2]. Two coupled
loop resonators (one transmitter and one receiver) are used in
[21] and [22], and their emphasis is on the facts that a high
Q factor is adopted and the distance d between the two coils
is much greater than the dimension of the second coil (e.g.,
the radius r of a circular receiver coil), which is termed “mid-
range” wireless power transfer for a ratio of d/r > 3. In order to
enable a reasonable power transfer over “mid-range” distance, a
high quality factor Q = ωL/R is needed, where ω = 2πf is the
angular frequency, L is the inductance, and R is the resistance
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Fig. 1. (a) Pair of L-C loop resonators for wireless power transfer proposed
by Tesla. (b) Typical exponential decay curve of the efficiency as a function of
transmission distance d for wireless power transfer.

of the loop resonator at operating frequency f . To increase
the transfer efficiency, an operating frequency of 10 MHz was
adopted in [22]. For their system with a coil radius r of 30 cm,
a transmission distance d of 2.4 m (i.e., a ratio of d/r of 8), and
a Q of about 1000, an efficiency of 40% was reported.

Practical limitations of wireless power transfer have been
addressed in [23] and [24]. If identical coils are used and d � r,
it has been pointed out in [23] and [24] that the magnetic
coupling coefficient and the efficiency will decrease rapidly
with increasing transmission distance d. A typical graphical
relationship of the power transmission efficiency versus trans-
mission distance is shown in Fig. 1(b). In order to overcome the
low efficiency for mid-range application, additional materials
have been added between the transmitter and receiver coils. In
[25], a metamaterial with a relative permeability equal to −1 is
used to increase the transmission efficiency for a given distance.
In [26], additional “relay” resonators are placed between the
transmitter and receiver resonators in a domino arrangement in
order to increase the efficiency effectively.

The use of the relay resonators has, in fact, been used previ-
ously in metamaterials and waveguide research. For example,
magnetoinductive waveguide devices based on the use of a
series of magnetically coupled LC loop resonators are set up
in a chain with the loop planes perpendicular to an axis of
wave propagation and with equal spacing between adjacent
planes [27]–[29]. Generally, the dimensions of the coils and
the separation distances are determined by the wavelength of
the wave propagation. Since waveguides are designed for wave
propagation and the operating frequencies are on the order of
100 MHz and above, such high-frequency operation inevitably
increases the ac resistance of the coil resonators, which may
limit their suitability for power transfer applications. However,
the experience gained and basic principles obtained previously
in the waveguide research do point to a viable solution to mid-

Fig. 2. Examples of the flexibility of the domino arrangements of resonators
[26], [27]. (a) Straight chain. (b) Curved chain. (c) One chain splitting into two.
(d) Two chains emerging into one.

range or even long-range wireless power transfer, particularly
when such relay resonators can be flexibly arranged in various
domino forms as suggested in [26]–[28] and as shown in Fig. 2.

Since the Tesla experiment on near-field magnetic coupling
is based on a pair of coil resonators, one main reason for its lack
of application for mid- and long-range wireless power transfer
is its low efficiency. Instead of using one excitation coil and one
receiver coil, we investigate the use of several resonators [26]–
[28] placed in or near the short-range region where the power
transmission efficiency is high [Fig. 1(b)] in order to increase
the overall transmission distance between the excitation power
source and the load with reasonably high efficiency.

An analysis of the domino resonator arrangements for
waveguide applications at 100 MHz has been reported in [29].
In [26], a straight domino of four resonators operating at 7 MHz
for wirelessly powering an LED load is demonstrated. In this
investigation, we present an analysis of the use of submegahertz
operation (e.g., 520–530 kHz) for both coaxial and noncoaxial
resonators in domino forms with the objectives of maximizing
energy efficiency and increasing the transmission distance.
Since the wavelength of such relatively low frequency exceeds
560 m while the power transmission distance is only a few
meters, wireless power transfer occurs essentially via near-field
magnetic coupling. Analytical equations for the optimal load
and maximum efficiency are derived. We also propose simple
power flow control methods and practically demonstrate that
power flow can be controlled in domino resonators. Magneti-
cally coupled resonators, each comprising a coil inductor con-
nected in series with a capacitor, are arranged in various flexible
domino arrangements (such as straight, curved, circular, and
y-shaped) for evaluation.

II. ANALYSIS OF DOMINO RESONATORS

A. Circuit General Circuit Model and the
Optimization Method

For a general (coaxial and noncoaxial) domino resonator
system consisting of n coupled resonators shown in Fig. 3, the
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Fig. 3. Schematic of a system with n resonators.

general circuit equations can be expressed by (1), shown at the
bottom of the page, where
Mij = kij

√
LiLj (i, j = 1, 2, . . . , n; i �= j). Mutual induc-

tance between windings i and j;
RL load resistance which is connected to winding n.

Other variables are
Ii current in winding i;
Li self-inductance of winding i;
Ci compensating capacitance of winding i;
Ri resistance in resonator i (including the resistance of wind-

ing i and the equivalent series resistance of capacitor Ci);
kij magnetic coupling coefficient between windings i and j;
ω angular frequency.

Assuming that all coil resonators have the same resonance
frequency, then ωLi − 1/ωCi = 0, i = 2, 3, . . . , n.

The efficiency of the n-winding system can be expressed as

η=
I2

nRL

I2
1R1+I2

2R2+. . .+I2
n(Rn+RL)

=
RL(

I1
In

)2
R1+

(
I2
In

)2
R2+. . .+

(
In−1

In

)2

Rn−1+Rn+RL

. (2)

All of the terms Im/In(m = 1, 2, . . . , n − 1) in (2) can be
worked out with (1). Thereby, the efficiency can be further
expressed by a function

η = f
(
M12,M13, . . . ,M(n−1)n, R1, R2, . . . Rn, RL

)
(3)

where the subscripts of mutual inductance Mij refer to wind-
ings i and j.

1) Mutual Inductance for Coaxial Resonators: For two
coaxial circular filamentary current loops, Maxwell [30] has de-
rived a well-known equation to calculate the mutual inductance:

M = μ0

√
r1r2

g

[
(2 − g2)K(g) − 2E(g)

]
(4)

where K(g) and E(g) are complete elliptic integrals of the first
and second kind, respectively, μ0 = 4π × 10−7 H/m, and

g =

√
4r1r2

d2 + (r1 + r2)2
(5)

where r1, r2, and d are the radii of loop-1 and loop-2, and the
distance between them, respectively.

For two coaxial circular thin-wall windings, if the dimension
of the wire is relatively small compared to the dimension of the
coils so that each turn of the windings can be considered as a
filamentary current loop, then the mutual inductance between
the two windings can be calculated by

M =
n1∑
i=1

n2∑
j=1

Mij (6)

where n1 and n2 are the number of turns of the two windings
and Mij is the mutual inductance between the i turn of the first
winding and the j turn of the second winding which can be
worked out with (4).

Therefore, in a given domino resonator system with n coaxial
circular windings, all mutual inductances between every two
windings can be obtained using (4) and (6), and by substituting
all the mutual inductances into (3), we can get the expression of
efficiency as a function of the distances of every two adjacent
windings and the load as

η = f
(
d12, d23, . . . , d(n−1)n, RL

)
. (7)

Then, with the total transmission distance given, the maxi-
mum efficiency and the optimum load, as well as the optimum
distances between the resonators, can be obtained with the help
of a numerical optimization tool such as MATLAB optimiza-
tion toolbox.

⎡
⎢⎢⎢⎢⎢⎢⎣

jωM12 R2+j
(
ωL2− 1

ωC2

)
jωM23 · · · · · · jωM2n

jωM13 jωM23 R3 + j
(
ωL3 − 1

ωC3

)
· · · · · · jωM3n

...
...

...
. . .

...
...

jωM1(n−1) · · · · · · Rn−1+j
(
ωLn−1− 1

ωCn−1

)
jωM(n−1)n

jωM1n · · · jωM(n−1)n Rn+RL+j
(
ωLn− 1

ωCn

)

⎤
⎥⎥⎥⎥⎥⎥⎦
·

⎡
⎢⎢⎢⎢⎣
I1

I2

...
In−1

In

⎤
⎥⎥⎥⎥⎦=0

(1)
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Fig. 4. Two noncoaxial circular coils [34].

2) Mutual Inductance for Noncoaxial Resonators: Based on
the calculation method for the mutual inductance between two
filamentary circular current loops with inclined axes in [33],
the mutual inductance equation proposed in [34] for noncoaxial
coils (see Fig. 4) is

M =
N1N2

K∑
g=−K

N∑
h=−N

n∑
l=−n

m∑
p=−m

M(g, h, l, p)

(2K + 1)(2N + 1)(2n + 1)(2m + 1)
(8)

where

M(g, h, l, p)=
μ0

π

√
rp(h)rs(l)

×
π∫

0

(
cos θ− y(p)

rs(l) cos φ
)

Ψ(g)

V 3/2
dφ

V =

√
1−cos2 φ sin2 θ−2

y(p)
rs

cos φ cos θ+
y2(p)
r2
s

Ψ(g)=
(

2
g
−g

)
K(g)− 2

g
E(g)=Q1/2(x),

x=
2 − g2

g2

y(p)=d+
b sin θ

2m+1
p, p=−m, . . . , 0, . . . , m

rp(h)=rp+
hp

2N+1
h, h=−N, . . . , 0, . . . , N

rs(l)=rs+
hs

2n+1
l, l=−n, . . . , 0, . . . , n

z(g, p)=c+
a

2K+1
g− b cos θ

2m+1
p,

g=−K, . . . , 0, . . . , K, p=−m, . . . , 0, . . . ,m

k2 =
4αV

(1+αV )2+ξ2
, ξ=β−α cos φ sin θ,

α=
rs

rp(h)
,

β=
z(g, p)
rp(h)

rP radius of the larger coil;
hp thickness of the larger coil;

a axial length of the larger coil;
hp thickness of the larger coil;
a axial length of the larger coil;
rs radius of the smaller coil;
hs thickness of the smaller coil;
b axial length of the smaller coil;
c distance between coils’ centers;
d distance between coil planes;
θ angle between axes;
K(g) complete elliptic integral of the first kind;
E(g) complete elliptic integral of the second kind;
Q1/2(x) Legendre function of the second kind and half-

integral degree.

B. Simplified Circuit Model

It should be stressed that the model (1) is a general model
that includes the mutual inductance between adjacent coils
and also the mutual inductance among nonadjacent coils. This
means that (1) also includes the effects of the cross-coupling of
nonadjacent coils. Due to the complexity of the cross-coupling
among nonadjacent coils, it is not easy to derive analytical
equation for optimization unless some assumptions are made.
However, the model can be simplified in situation where the
cross-coupling effects of nonadjacent coils can be neglected.

In the applications that the distances between every two
adjacent resonators are relatively large (e.g., d/r > 2), the
mutual inductance between every two nonadjacent resonators
is negligibly small when compared with that between two
adjacent resonators. The efficiency in (2) can be analytically
determined by solving the simplified (1) in which all of the
mutual inductances between two nonadjacent resonators are
neglected.

Then, by solving the equation

∂η

∂RL
= 0 (9)

we can get the analytical expressions for the optimum load and
the maximum efficiency as follows

RL_OPT = Rn

√√√√√√√
n∑

k=1

A2
k,nδk

n−1∑
k=1

A2
k,n−1δk

(10)

ηmax =
δn

2

√(
n∑

k=1

A2
k,nδk

)(
n−1∑
k=1

A2
k,n−1δk

)
+2

n−1∑
k=1

Ak,nAk,n−1δk+δn

(11)

where

Ak,n =
∑

E(k,n)

(
Δe(k+1)

(k+1)(k+2)Δ
e(k+2)
(k+2)(k+3) . . . Δe(n−1)

(n−1)(n)

)

for k = 1, 2, . . . , n − 2 and An−1 = 1, An = 1;

E(k, n)={[e(k+1), e(k+2), . . . , e(n−1)] |e(m−1)e(m) �=1,

m = k + 1, . . . , n − 2}
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TABLE I
PARAMETERS OF THE PRACTICAL RESONATORS

for k = 1, 2, . . . , n − 2;

e(k) ∈{0, 1}, for k = 2, 3, . . . n − 1;

δk =
k∏

g=1

Δ(g−1)g, for k = 1, 2, . . . n;

Δk(k+1) = k2
k(k+1)QkQk+1 =

ω2M2
k(k+1)

RkR(k+1)

for k = 1, 2, . . . , n − 1 and Δ01 = 1.
The optimum load and maximum efficiency can be obtained

by (10) and (11) provided that all of the other parameters of the
system have been given.

It should be noted that (10) and (11) provide a fast method
for estimating the parameters for optimization of the energy
efficiency, but they are only suitable for situations in which the
mutual inductance between nonadjacent coils is negligible. In
the following section on theoretical study, all of the theoretical
results are obtained from the general model (1) that incorpo-
rates the cross-coupling effects.

III. THEORETICAL STUDY BASED

ON PRACTICAL RESONATORS

A. Coaxial Domino Resonator Systems

Practical resonators have been built for various experiments.
Theoretical studies have been conducted based on the parameters
of the practical resonators, which are listed in Table I. The natural
resonance frequency of the resonator can be calculated from

f0 = 1/(2π
√

LC). (12)

In this case, the nominal self-resonance frequency of the
resonator is about 530 kHz.

1) Equal-Spacing Arrangements of Coaxial (Straight)
Dominos: In the first theoretical study, adjacent resonators of
the straight domino systems are placed 0.3 m apart. Tests are
done with two resonators first and then progressively up to
eight resonators. The accuracy of the simplified model is first
checked with the general model. Efficiency of the simplified
model is calculated with (11) and that for the general model
with (1) using a numerical optimization method. The predic-
tions of the energy efficiency for the Q factors of 1000 and 337
(i.e., practical value) are calculated and shown in Fig. 5. Their

Fig. 5. Efficiency comparison between two-resonator and domino resonator
with equal spacing.

Fig. 6. Optimal spacing of a domino chain using three resonators for a total
transmission distance of 0.6 m (dtotal/r = 3.87). Equal-spacing arrangement
offers best efficiency for a domino chain with three resonators.

efficiencies decrease linearly with transmission distance. It can
be seen that the simplified and general models agree well in
both cases and that the efficiency tends to decrease linearly with
the transmission distance as the number of resonator increases.

The theoretical efficiency curves of a two-resonator system
for the two Q factors are also shown in Fig. 5, and they exhibit
exponential decay as expected. Comparison of the efficiency
curve (linear decay) of the domino resonator arrangement and a
two-resonator one clearly indicates the improvement of energy
efficiency, as observed by the authors in [26].

2) Optimum-Spacing Arrangements: In the second theoret-
ical study, MATLAB optimization toolbox is used to determine
the spacing of the resonators for maximum energy efficiency.
For a domino chain with three resonators, it can be shown
in Fig. 6 that equal spacing of d12 and d23 offers the best
efficiency. For the case of n = 4, the operating points of the
optimum- and equal-spacing methods are highlighted in the
3-D efficiency plot in Fig. 7. Maximum efficiency occurs in
a domino arrangement with unequal distances between the
resonators, while equal spacing offers a near-optimal efficiency.

Our analysis shows that, when the number of resonators
exceeds three, there exists an unequal-spacing arrangement [35]
that offers the best efficiency, as shown in Fig. 8. In Fig. 8,
the efficiency is calculated using the general model and a nu-
merical optimization method. The optimum-spacing combina-
tions for different distances are listed in Table II. Observations
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Fig. 7. Efficiency as a function of d12 and d23 for a system with four
resonators.

Fig. 8. Efficiency comparison between equal and optimum spacings for the
domino resonator system with an average spacing of 0.3 m.

of the optimum-spacing values suggest the following for an
n-resonator straight domino

1) Relay resonators (i.e., the second resonator to the
n − 1th resonator) can be essentially equally spaced. That
is d23 = · · · = dn−2,n−1 = drelay.

2) Distances between the transmitter (first) and second res-
onators, and the n−1th and receiver (nth) resonators
can be the same. They should be smaller than the
distance between adjacent relay resonators (i.e., d12 =
dn−1,n < drelay.

These features can also be seen from the graphical repre-
sentations in Fig. 9, which shows the ratios between optimum
and average distances with different total transmission dis-
tances (i.e., different average distances dA). This phenomenon
might be explained by the fact that the relay resonators are
magnetically coupled by two adjacent resonators while the
transmitter and receiver resonators are coupled by only one
adjacent resonator.

TABLE II
OPTIMUM-SPACING COMBINATIONS

Fig. 9. Ratios between optimum and average distances with different total
transmission distances (i.e., different average distances dA).

Fig. 10. Diagram of the equally spaced noncoaxial (circular) domino res-
onator system.

B. Noncoaxial Domino Resonator Systems

Without loss of generalization, a six-resonator circular
domino system, as shown in Fig. 10, has been used as a case
study example in order to check the validity of the general
coupled circuit approach (1) and the equation for the noncoaxial
resonators (8). Details of the spacial arrangement of the six
resonators and their parameters are included in Table III. Unlike
the tests for the coaxial resonator system previously described,
a different set of capacitors is used in this noncoaxial resonator
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TABLE III
PARAMETERS OF THE CIRCULAR DOMINO RESONATOR SYSTEM

Fig. 11. Theoretical energy efficiency as a function of the operating
frequency.

tests. The nominal self-resonance frequency is 520 kHz instead
of 530 kHz.

Based on the general model (1) and the parameters in
Table III for this circular domino resonator system, the
theoretical efficiency curve is plotted against the operating
frequency in Fig. 11. In the theoretical study, resonator-1 is
the transmitter, and resonator-4 is the receiver, which is loaded
with a resistor. It is noted that an energy efficiency exceeding
75% is expected from this practical system in the frequency
range of 505–525 kHz.

IV. PRACTICAL VERIFICATION

An amplifier research RF power amplifier (Model 75A250A)
is used to drive the domino systems in this paper. For the tests
using resistive loads (Sections IV-A and IV-B), the load power
is tested to typically 10 W. However, for practical demonstra-
tions using lighting devices (Section IV-C), power up to about
30 W is transferred wirelessly.

A. Domino Resonator in Coaxial (Straight) Arrangement

Practical verifications of the analysis have been performed
using the resonators specified in Table I. The operation fre-
quency is set at a nominal resonance frequency, which is about
530 kHz. The output and input power values are measured using
high-speed high-storage digital oscilloscope Tektronix DPO
7104. The sampling rate is set at 5G samples per second, and
over 50 cycles of the sampled voltage and current waveforms
are used to derive the average power values.

Fig. 12. Measured and calculated efficiencies of the equal-spacing domino
resonator systems.

Fig. 13. Theoretical and measured efficiencies of four resonators arranged in
a straight domino form.

The efficiency of the equally spaced domino resonator sys-
tems is first checked and recorded in Fig. 12. Experimental
results are in good agreement with the theoretical values, which
proves that the efficiency of the domino resonator system
decreases almost linearly with the transmission distance.

In order to evaluate the efficiency of the equal- and
optimum-spacing approaches more closely, tests are conducted
by scanning the frequency around the resonant point for a
four-resonator system. The transmission distance is 0.9 m, and
the optimum spacing is d12 = 0.28 m, d23 = 0.34 m, and d34 =
0.28 m, as shown in Table II. The theoretical and measured
results are shown in Fig. 13. It can be seen that the energy ef-
ficiency of the optimum-spacing arrangement is slightly higher
than that of the equal-spacing one in this paper. The measure-
ments are generally in agreement with the theoretical ones.

It should be noted that, in the theoretical analysis in
Section III, the optimum arrangements are based on the iden-
tical resonators. If the parameters of the practical resonators
have a large tolerance (e.g., 10%), the optimum spacing will
be affected, and thereby, it will be different from the theoretical
values. Considering the difficulty of building resonators with
very small tolerance in laboratory, it would be difficult to
differentiate the small efficiency difference in experiments for
the optimum spacing of the domino resonator systems with a
large number of resonators because the parameter variations
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Fig. 14. Measured and theoretical energy efficiencies.

of the resonators could mask the small efficiency difference
between optimum- and equal-spacing methods. For the tests
on the four-resonator system with results recorded in Fig. 13,
four resonators are carefully chosen so that their parameters are
within a relatively small tolerance of 3%.

B. Resonators in Circular Domino Arrangements

The circular domino resonator system based on the use of
six resonators in Fig. 10 and the parameters of Table III has
been practically evaluated. With resonator-1 excited by an RF
power amplifier and resonator loaded with a resistor, tests are
conducted to drive the load to about 10 W. The energy efficiency
of the system over a range of frequency is measured and shown
with the theoretical values in Fig. 14. The measurements con-
firm the validity of the general model and the mutual inductance
for noncoaxial coils.

C. Resonators in Other Domino Arrangements

The use of domino arrangements of the loop resonators
[26], [27] enables the control of the power in a highly flexible
manner. Straight, curved, circular, and even irregularly shaped
domino paths can easily be formed to direct the power flow. A
power flow path can be split into two paths, which can, in turn,
merge into a single path. Power flow control can be achieved
by altering the impedance of the power flow paths [35] via
the following: 1) the angle of the coil plane of the resonators
[Fig. 15(a)] and 2) detuning the resonance frequency of the
resonators [Fig. 15(b)]. Detuning the resonance frequency for
power flow control in wireless power applications has been
reported in [36] and [37] in which a parallel variable inductor
is used to alter the resonance frequency. However, for domino
resonator applications, it is easier to alter the resonant capacitor
values than changing the number of turns in each resonator
coil [37]. Switched capacitor circuits can be used to change the
capacitance and, thus, the impedance and resonance frequency
of the resonators.

Fig. 16 shows ten resonators arranged in straight coaxial
domino of 3 m with a dtotal/r ratio equal to 19.4 (i.e., 3/0.155)
and a load of four 8-W LEDs. Fig. 17(a) shows a noncoaxial
domino resonator system with one power flow path bending
90◦ and then splitting into two paths, each loaded with four

Fig. 15. Proposed power flow control methods by (a) angle control of the loop
plane and (b) resonance frequency/impedance control of loop resonators.

Fig. 16. Straight coaxial domino chain of 3 m and a load of four 8-W LEDs
(dtotal/r ratio = 19.4).

8-W LEDs. Fig. 17(b) shows a photograph of the system in
Fig. 15(a) using the angle control of the resonator to channel
more power to the LED load at the left. A circular domino
arrangement powering a 14-W compact fluorescent lamp is
shown in Fig. 18.

V. CONCLUSION

Based on the experience gained in the century-old Tesla’s
magnetically coupled resonator experiment, the magnetoinduc-
tive resonator techniques used in previous waveguide design,
and the relay resonator concept, we have demonstrated the
flexibility of using magnetically coupled resonators in various
domino forms for wireless power transfer and have proposed
simple techniques for power flow control. Using the general
coupled circuit modeling technique that incorporates mutual
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Fig. 17. (a) Domino resonator system with the power flow path bending
90◦ and then splitting into two paths, each loaded with four 8-W LEDs.
(b) Photograph of the domino resonator system of Fig. 11(a) using angle control
to channel more power to the LED load at the left.

Fig. 18. Circular domino resonator system powering a 14-W compact fluores-
cent lamp.

inductance between adjacent resonators and among nonadja-
cent resonators, both coaxial and noncoaxial domino resonator
systems have been successfully modeled with great accuracy as
confirmed by the practical measurements.

It is possible to use submegahertz operation for wireless
power transfer. Such technique allows the switching losses in
the power electronic driving circuit and the resonator’s winding
loss (due to frequency-dependent skin effects) to be reduced.
Besides reconfirming previous research finding that the relay
resonators can substantially increase the overall wireless power
transfer distance while achieving reasonably high efficiency, we
have proposed an optimization method for domino resonator
systems based on the general circuit model and the use of a
numerical optimization tool.

For the straight coaxial domino resonator system, it is discov-
ered that unequal-spacing arrangement works better than equal-
spacing one. In particular, the spacing between the first two
resonators and that between the last two resonators of the
straight domino system should be smaller than the distance
between the relay resonators. The optimum results have been
practically verified. Also, analytical expressions have been
successfully derived for the optimal load and the maximum
efficiency at resonance operation for domino resonator systems
based on the simplified circuit model. These analytical equa-
tions can be used for further study on the optimum operation of
the domino resonator systems.
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